Although GBP1 (guanylate binding protein 1) was among the first interferon-inducible proteins identified, its function is still largely unknown. Epidermal growth factor receptor (EGFR) activation by amplification or mutation is one of the most frequent genetic lesions in a variety of human tumors. These include glioblastoma multiforme (GBM), which is characterized by independent but interrelated features of extensive invasion into normal brain parenchyma, rapid growth, necrosis, and angiogenesis. In this study, we show that EGFR activation promoted GBP1 expression in GBM cell lines through a signaling pathway involving Src and p38 mitogen-activated protein kinase. Moreover, we identified YY1 (Yin Yang 1) as the downstream transcriptional regulator regulating EGFR-driven GBP1 expression. GBP1 was required for EGFR-mediated MMP1 (matrix metalloproteinase 1) expression and glioma cell invasion in vitro. Although deregulation of GBP1 expression did not affect glioma cell proliferation, overexpression of GBP1 enhanced glioma cell invasion through MMP1 induction, which required its C-terminal helical domain and was independent of its GTPase activity. Reducing GBP1 levels by RNA interference in invasive GBM cells also markedly inhibited their ability to infiltrate the brain parenchyma of mice. GBP1 expression was high and positively correlated with EGFR expression in human GBM tumors and cell lines, particularly those of the neural subtype. Together, these findings establish GBP1 as a previously unknown link between EGFR activity and MMP1 expression and nominate it as a novel potential therapeutic target for inhibiting GBM invasion.
Glioblastoma multiforme (GBM) is the most common and deadly primary malignant brain tumor primarily because of its rapid growth, neovascularization, and invasiveness throughout the brain (Furnari et al., 2007) . Its ability to migrate into brain parenchyma makes it resistant to multimodal therapies combining surgical resection, radiotherapy, and chemotherapy and results in a median survival time for patients of 12-16 mo (Stupp et al., 2005) . This demands identification of pathways controlling GBM cell invasion, which complement those affecting its growth and angiogenesis, as an important investigative endeavor in the search for therapies that improve patient survival.
Attempts to understand the biology of malignant gliomas have focused on genetic and molecular alterations of tumor cells. The most common genetic alteration associated with GBM is amplification and/or mutation of the epidermal growth factor (EGF) receptor (EGFR) gene, a transmembrane receptor tyrosine kinase which has been detected in 40-60% of patients with GBM (Libermann et al., 1985; Wong et al., 1987 Wong et al., , 1992 . We previously demonstrated that mutant EGFR dramatically enhances the tumorigenicity of glioma cells in a pleiotropic manner by increasing proliferation and resistance to apoptosis (Nishikawa et al., 1994; Nagane et al., 1996; Huang et al., 1997; Narita et al., 2002) . However, the effect of this oncogenic driver in the diffuse invasiveness that also characterizes GBM and the downstream pathways and effector molecules that might mediate this remain largely unknown.
To identify the target genes regulated by EGFR activation, we performed expression array analysis and found that the most commonly altered expression was from a gene module normally associated with IFN stimulation and Stat function. This included GBP1 (guanylate binding protein 1), initially identified as a type I and II IFN-induced gene, that encodes a 67-kD protein belonging to a large GTPase family, which includes dynamins and Mx proteins (Prakash et al., 2000a,b) . In endothelial cells, GBP1 can be induced by IL-1, TNF, and IFN- in vitro (Guenzi et al., 2001 (Guenzi et al., , 2003 , and it is expressed in these cells in vivo during an inflammatory response (Lubeseder-Martellato et al., 2002) to interfere with angiogenesis and to inhibit the expression of MMP1 (matrix metalloproteinase 1), a collagenase necessary for cell migration through the extracellular matrix (Guenzi et al., 2003) . A more recent study has demonstrated that GBP1 overexpression is associated with paclitaxel drug resistance in ovarian cancer cells (Duan et al., 2006) . However, how GBP1 directs any of these actions is not clear.
In this study, we report a novel EGFR-Src-p38-YY1 (Yin Yang 1) signaling cascade that directly induces GBP1 expression in GBM cell lines and is distinct from the IFN--stimulated GBP1 expression occurring through Stat1. Furthermore, we show that GBP1 is up-regulated in GBM tumor samples compared with the adjacent normal brain tissues and, consistent with our findings, is co-overexpressed with EGFR in GBM tumors and cell lines. Finally, in contrast to its function in endothelial cells, we show that GBP1 is required for EGFR signaling-mediated MMP1 expression and cell invasion in glioma cells, suggesting that GBP1 may represent a novel target for GBM therapeutics. elevated expression of GBP1 in GBM (Fig. 2 B) . We then sought to expand our analysis of GBP1 expression in GBM tissues through The Cancer Genome Atlas (TCGA), a publicly available repository which has accumulated comparative genomic hybridization, gene expression, and DNA methylation analyses for 301 GBM samples (Cancer Genome Atlas Research Network, 2008) . Using this database, coexpression of EGFR and GBP1 in GBM tumor samples was confirmed (R = 0.375; P < 0.001) with GBP1 expression appearing to correlate with GBM neural, classical, and mesenchymal subtypes (Verhaak et al., 2010) , with the neural subtype presenting the strongest correlation (R = 0.683; P < 0.001) and the proneural subtype reliably not correlated (R = 0.112; P = 0.33; Fig. 2 C) . Altogether, these data are consistent with the expression array results and indicate that EGFR signaling induces GBP1 expression in GBM.
EGFR signaling-stimulated GBP1 expression is Src-p38 mitogen-activated protein kinase (MAPK) dependent, whereas IFN--induced GBP1 expression does not require Src or p38 MAPK In response to EGF stimulation, EGFR triggers several downstream signaling cascades, including the MAPK, phosphatidylinositol 3-kinase (PI3K)/AKT, and Stat pathways (Wells, 1999) . Therefore, we determined the downstream signaling pathway from EGFR that leads to GBP1 up-regulation by using both pharmacological (using a series of specific chemical inhibitors) and genetic (using small interfering RNA [siRNA]) approaches to target known EGFR effector pathways. When U87-EGFR cells were pretreated with an EGFR inhibitor (AG1478), MEK1/2 inhibitor (U0126 or PD98059), p38 inhibitor (SB203580), JNK1/2 inhibitor (SP600125), or PI3K inhibitor (LY294002) for 1 h followed by EGF treatment for 24 h, we observed that only the EGFR or p38 inhibitor abrogated EGF-induced GBP1 expression (Fig. 3 A) , suggesting that GBP1 induction employs an EGFRp38 signaling cascade. To eliminate GBP1 is up-regulated and positively correlated with EGFR expression in glioblastoma Next, we validated the expression array data by RT-PCR and Western blot analyses. We found that EGF induced GBP1 expression in U87-EGFR in a time-and dose-dependent manner at both the mRNA and protein levels (Fig. 1, A and B) .
To determine whether the EGFR signaling-induced GBP1 expression was directly regulated at the transcriptional level, U87-EGFR cells were treated with 5 µg/ml actinomycin D (AD; a transcription inhibitor) or 100 nM cycloheximide (CHX; a protein synthesis inhibitor) for 1 h followed by EGF treatment. Fig. 1 C shows that AD prevented the EGFmediated up-regulation of GBP1 in U87-EGFR cells, whereas no effect was observed in CHX-treated cells. These results suggest that EGFR signaling enhanced GBP1 expression at the level of transcription and was independent of de novo protein synthesis.
To determine whether the induction of GBP1 is a general response to EGFR activation in glioma, we also investigated U178-EGFR, U373-EGFR, and the GBM serial xenograft line, GBM26, which harbors amplification of EGFR (Sarkaria et al., 2007) . Similar to the aforementioned results with U87-EGFR, it was determined that EGF also induced GBP1 expression in each of these three additional cell lines (Fig. 1 D) .
To further investigate the relationship between GBP1 and EGFR, we analyzed their mRNA expression levels in 19 GBM tumor tissues by quantitative RT-PCR (RT-qPCR). Compared with normal brain tissue, GBP1 expression was increased in 12 of 19 (63%) GBM samples and, importantly, displayed a positive correlation with EGFR expression (R = 0.624; P < 0.05; Fig. 2 A) . Consistent with these qPCR results, mining the cancer profiling database Oncomine (Rhodes et al., 2004; Sun et al., 2006) showed significantly (C) After 24 h of serum starvation, U87-EGFR cells were pretreated with AD or CHX for 1 h followed by 20 ng/ml EGF treatment for 6 h. Inhibition of c-Src activation by pretreatment of cells with PP2 or dasatinib, two independent Src family kinase inhibitors, decreased EGF-induced p38 MAPK activation ( Fig. 3 C and not depicted). In contrast, p38 inhibition was unable to block Src activation, suggesting that EGFR signaling activates p38 through Src (Fig. 3 C) . Importantly, like p38 inhibition, PP2 or dasatinib dramatically reduced the GBP1 induction by EGF treatment in the three independent glioma cells lines (U87-EGFR, U178-EGFR, and U373-EGFR) tested (Fig. 3 D  and not depicted) .
Because IFN- is a well-known inducer of GBP1 expression in other cell types (Naschberger et al., 2004) , we determined whether IFN- utilizes Src-p38 MAPK to induce GBP1 expression in GBM cell lines. As shown in Fig. 3 E, any off-target effects of the p38 inhibitors, we also used siRNA to knockdown p38 in U87-EGFR cells. As shown in Fig. 3 B, depletion of p38 by treatment with 10 nM siRNA significantly prevented GBP1 induction by EGF. Consistent with this, the p38 inhibitor blocked EGF/EGFR-mediated p38 activation, and AG1478 inhibited both EGFR and p38 phosphorylation (Fig. 3 C) .
Because Src family kinases are associated with MAPK activation in response to receptor tyrosine kinase activation (Ishizawar and Parsons, 2004; Summy et al., 2005; Lieskovska et al., 2006) , we determined whether Src family kinases are involved in p38 activation and GBP1 induction in response to EGFR activation. Exposure of U87-EGFR cells to EGF induced activation of EGFR, c-Src, and p38 (Fig. 3 C) . (Verhaak et al., 2010) . Classical, n = 82; mesenchymal, n = 88; neural, n = 55; proneural, n = 76. Data are representative of at least two independent experiments. Error bars represent SD. (A) After 24 h of serum starvation, U87-EGFR cells were treated with DMSO (), 10 µM of the EGFR tyrosine kinase inhibitor AG1478 (AG), 20 µM of the MEK inhibitors U0126 (U) or PD980589 (PD), 20 µM of the p38 inhibitor SB203580 (SB), 10 µM of the PI3K inhibitor LY294002 (LY), or 20 µM of the JNK inhibitor SP600125 (SP) for 1 h followed by 20 ng/ml EGF treatment for 24 h before Western blot analysis. (B) U87-EGFR cells were transfected with the indicated concentration of p38 siRNA (si-p38) or control siRNA (si-Luc) for 24 h and then serum starved for 24 h before 20 ng/ml EGF treatment for an additional 24 h followed by Western blot analysis. (C) U87-EGFR cells were pretreated with DMSO (), AG1478, SB203580, or PP2 (PP) for 1 h and then treated with 100 ng/ml EGF for 30 min before Western blot analysis. Total Src and p38 were used as loading controls. (D) U87-EGFR, U373-EGFR, and U178-EGFR cells were treated with DMSO (), PP2, or SB203580 for 1 h before 20 ng/ml EGF treatment for 24 h. Cells were analyzed by Western blot. (E) U87-EGFR, U373-EGFR, and U178-EGFR cells were treated with DMSO (), PP2, or SB203580 for 1 h before 20 ng/ml IFN- treatment for 24 h before Western blot analysis. (F) GBM26 cells were treated with DMSO () or SB203580 for 1 h before 20 ng/ml EGF or 20 ng/ml IFN- treatment for 24 h before Western blot analysis. All data are representative of at least two independent experiments. (G) U87 parental or U87-EGFR cells were transfected with pGL3-237 and pRL-TK for 24 h and then serum starved for 24 h followed by PBS or 20 ng/ml EGF treatment for an additional 6 h. Firefly and Renilla luciferase activities were measured, and promoter activity is presented as the fold induction of RLU (values of firefly luciferase unit/values of Renilla) as compared with the control. This result is expressed as the mean of three independent experiments ± SD. *, P < 0.01. (H) U87-EGFR cells were transfected with pGL3-237 and pRL-TK for 24 h and then serum starved for 24 h. The starved cells were pretreated with DMSO, 10 µM PP2, or 20 µM SB203580 for 1 h and then exposed to PBS, 20 ng/ml EGF, or 20 ng/ml IFN- for 6 h before reporter assay. This result is expressed as the mean of three independent experiments ± SD. *, P < 0.01.
Moreover, although p38 or Src inhibition prevented GBP1 promoter activation by EGF stimulation (P < 0.01; 3.59-vs. 1.41-or 1.21-fold), it failed to block its activation by Fig. 3 H) . These data further confirm that EGFR-Src-p38 signaling up-regulates GBP1 expression in glioma cells at the transcriptional level.
Stat1 is not required for EGFR signaling-induced GBP1 expression but is necessary for IFN--mediated GBP1 induction
Stat1 has previously been shown to be a transcription factor that mediates cytokine and growth factor-induced signals downstream of p38 MAPK (Wells, 1999; Battle and Frank, 2002) . Indeed, we found that both EGF and IFN- strongly activated Stat1 phosphorylation at both Ser727 and Tyr701 in U87-EGFR cells. However, EGF but not IFN- led to p38 phosphorylation. Consistently, p38 inhibition blocked EGF-mediated but only had a partial effect on IFN--mediated Stat1 phosphorylation at both phosphorylation sites (Fig. 4 A) .
Src or p38 inhibition failed to block IFN--mediated GBP1 induction in U87-EGFR, U178-EGFR, and U373-EGFR cells. Consistent with these results, p38 inhibition abrogated EGF but not IFN--induced GBP1 expression in GBM26 cells (Fig. 3 F) . Collectively, these data demonstrate that in GBM cells, IFN- signaling-stimulated GBP1 expression is independent of the Src-p38 MAPK pathway, whereas the EGFR signaling-induced GBP1 expression requires it.
EGFR activates the GBP1 promoter through Src-p38 MAPK The aforementioned results suggest that EGFR mediates GBP1 expression through Src-p38 MAPK. To further validate this, we cloned the GBP1 proximal promoter (237 bp; 218/19 bp) as described previously (Lew et al., 1991; Naschberger et al., 2004) and tested whether EGFR signaling is able to activate it. Upon EGF treatment, EGFR significantly stimulated GBP1 promoter activity in U87-EGFR cells (3.59-fold; P < 0.01), whereas EGF had no effect on GBP1 promoter activation in U87 parental cells (Fig. 3 G) . so in parental 2fTGH and reconstituted U3a-S1 cells in which Stat1 was activated (Fig. 4 D) . Interestingly, we observed that IFN- activated Stat1 in 2fTGH and U3a-f1 cells but failed to activate p38 phosphorylation in each of the three lines, which is consistent with the aforementioned results obtained in glioma cells (Fig. 4 D) . As these three cell lines express a very low level of EGFR (Leaman et al., 1996) , we stably expressed full-length human EGFR in U3a and U3a-S1 cells. In the Stat1-deficient U3a cells expressing EGFR, EGF was now able to induce GBP1 expression, whereas no further enhancement We next examined whether Stat1 is involved in EGFR signaling-mediated GBP1 induction. Although Stat1 knockdown dramatically attenuated IFN--induced GBP1 expression in U87-EGFR cells, it had no effect on GBP1 induction by EGF stimulation (Fig. 4, B and C) .
To further study the role of Stat1 in GBP1 induction, we also used the isogenic human fibrosarcoma cell lines 2fTGH, U3a (2fTGH-derived Stat1-null cell), and U3a-S1 (U3a reconstituted for Stat1). In the Stat1-deficient U3a cells, IFN- was unable to induce GBP1 expression, while being able to do U87-EGFR cells were transfected with the GBP1 wildtype promoter pGL3-237 and the internal control pRL-TK with or without 200-fold excess of YY1 wild-type or mutant decoy or the YY1 deactivated GBP1 promoter pGL3-237-yy1mt and pRL-TK for 24 h and then serum starved for 24 h before 20 ng/ml EGF treatment for 6 h. Firefly and Renilla luciferase activities were measured, and promoter activity was presented as the fold induction of RLU (values of firefly luciferase unit/values of Renilla luciferase unit) as compared with the control. This result is expressed as the mean of three independent experiments ± SD. #, P < 0.05; *, P < 0.01. (C) U87-EGFR cells were transfected with YY1 or Luc-specific siRNA for 24 h and then transfected with pGL3-237/ pRL-TK for 24 h. The cells were serum starved for an additional 24 h before 20 ng/ml EGF or PBS treatment for 6 h. Promoter activity was presented as the fold induction of RLU as compared with the control. The result is presented as mean ± SD of three independent experiments. #, P < 0.05; *, P < 0.01. (D) EMSA analysis. Double-strand YY1 DNA probe was labeled with -[ 32 P]ATP and bound to the nuclear extracts of EGF-and/or SB203580-treated U87-EGFR cells with or without preincubation with a 100-fold excess of YY1 probe or YY1-specific antibody. (E) ChIP analysis of YY1 element from untreated and EGF-treated (100 ng/ml, 30 min) U87-EGFR cells using an antibody specific for YY1 or rabbit IgG control. Input chromatin is presented. PCR was performed to amplify the proximal GBP1 promoter (237 bp). This experiment was repeated twice, yielding identical results. (F) U87-EGFR cells were transfected with YY1 or control siRNA for 24 h and then serum starved for 24 h before 20 ng/ml EGF stimulation for 24 h. GBP1 and YY1 expression were analyzed by Western blot. Data are representative of at least two independent experiments. (G) After 24 h of serum starvation, U87-EGFR cells were treated with DMSO vehicle or 20 µM of p38 inhibitor SB203580 for 1 h followed by 100 ng/ml EGF treatment for 30 min before cell fractionation and Western blot analysis. Data are representative of two independent experiments. immunoprecipitates was then amplified by PCR with primers specific for the 237-bp proximal GBP1 promoter (218/19 bp). As expected, no DNA fragments were detected when normal rabbit IgG was used (Fig. 5 E, first and second lanes). In contrast, DNA fragments with the expected size (237 bp) were detected using the anti-YY1 antibody in U87-EGFR cells (Fig. 5 E, third through fifth lanes) . In agreement with the EMSA results, EGF stimulation decreased the amount of GBP1 promoter DNA immunoprecipitated with YY1 (Fig. 5 E, fourth lane vs. fifth lane) .
To further verify the role of YY1 in GBP1 induction, we depleted YY1 by siRNA in U87-EGFR cells. As shown in Fig. 5 F, Western blot analysis demonstrated that knockdown of YY1 can increase both the basal GBP1 protein level and GBP1 induction by EGF in U87-EGFR cells. These findings suggested that YY1 functions as a negative regulator of GBP1 expression and that EGFR signaling acts to relieve this repression.
GBP1 is required for EGFR-mediated MMP1 expression in GBM
A previous study demonstrated that GBP1 inhibits endothelial cell invasion and tube formation by down-regulating MMP1 expression (Guenzi et al., 2003) . This led us to analyze the expression profiles of GBP1, MMP1, and EGFR in a collection of GBM tumors and cell lines. Surprisingly, it appears that these three proteins were overexpressed in a positive correlation pattern in four of eight patients and 4 of 10 cell lines (U178, T98G, LN308, and A1207 cells; Fig. 6 , A and B). To further validate the relationship between these three proteins, we compared their expression levels in U178-EGFR cells with or without EGF stimulation using a loss of function strategy because these cells express relatively high levels of both GBP1 and MMP1. We found that EGFR activation by EGF stimulated both GBP1 and MMP1 expression. In contrast, knockdown of GBP1 by siRNA largely blocked EGF-mediated MMP1 induction in U178-EGFR cells (Fig. 6 C, left) . To examine how GBP1 controls MMP1 expression in glioma cells, we first determined whether EGFR-induced MMP1 expression in U178-EGFR was at the transcriptional or translational level. Pretreating these cells with AD or CHX completely blocked EGFR-mediated MMP1 mRNA expression (Fig. 6 C, right; P < 0.01), indicating that MMP1 induction by EGFR activation is at the transcriptional level and requires de novo protein synthesis. As shown in Fig. 6 E, the protein levels of basal and induced MMP1 were increased when the si-Luc-transfected U178-EGFR cells were posttreated with MG132, a specific proteasome inhibitor; however, MG132 was still able to increase MMP1 expression in the si-GBP1-transfected cells, suggesting that GBP1 had no effect on MMP1 stability. Additionally, we found that reduction of GBP1 by siRNA significantly decreased both the basal and the EGFR-induced MMP1 mRNA expression in U178-EGFR cells (Fig. 6 D, left and middle; P < 0.001). To confirm this, we cloned the human MMP1 promoter (2,942 bp) into the pGL3-basic vector was detected in the U3a-S1 cells. As expected, EGFR activation by EGF stimulated p38 phosphorylation in both cells and Stat1 phosphorylation only in U3a-s1 cells (Fig. 4 E) . Collectively, these data strongly suggest that although Stat1 is essential for GBP1 induction by IFN-, it is dispensable for GBP1 induction by EGFR signaling.
YY1 is an important regulator for GBP1 induction by EGFR signaling
To identify the transcription factor that mediates GBP1 mRNA induction by EGFR signaling, we analyzed the GBP1 proximal promoter in silico using TFSEARCH software. In addition to a GAS (IFN--activated sequence) element that binds to Stat1 (Lew et al., 1991; Naschberger et al., 2004) , the proximal promoter of the GBP1 gene also contains a consensus YY1 motif CCATTT (CCATTTATGG; 167/158 bp; Fig. 5 A) . To examine whether YY1 is involved in GBP1 promoter activation by EGFR signaling, the YY1 binding site was mutated, resulting in an unexpected increase in GBP1 promoter activity compared with the intact wild-type GBP1 promoter in response to EGF stimulation in U87-EGFR cells (5.6-vs. 3.5-fold; P < 0.01; Fig. 5 B) . Furthermore, decoy experiments were performed to delineate further the involvement of YY1 in EGF-induced enhancement of GBP1 gene transcription through the 237-bp promoter. Fig. 5 B demonstrated that the wild-type but not the mutant YY1 decoy oligonucleotides further increased EGF-induced GBP1 transcription (4.7-vs. 3.5-fold; P < 0.05; Fig. 5 B) , implicating the YY1 motif as a potential repressor element. This notion was supported in experiments using siRNA knockdown of YY1 that demonstrated enhanced GBP1 promoter activity (P < 0.01; Fig. 5 C) .
To test the binding capacity of the GBP1 promoter YY1 motif, electrophoretic mobility shift assays (EMSAs) were performed. Double-stranded oligonucleotides containing the YY1 motif (176/142 bp) were radiolabeled and used as probes of nuclear extracts from U87-EGFR cells with or without 100 ng/ml EGF treatment for 30 min as a source of YY1. Unlabeled 100-fold excess of YY1 probe was used as a specific competitor. As would be predicted from the foregoing, EGF stimulation decreased YY1 DNA binding activity in U87-EGFR cells (Fig. 5 D, third lane vs. second lane), and the specific band was completely blocked by unlabeled competitor (Fig. 5 D, fourth lane) . Importantly, p38 inhibition blocked the DNA binding decrease induced by EGF (Fig. 5 D, sixth lane vs. third lane). To confirm that YY1 is indeed a component of the DNA-protein complex in EMSA, the effect of the anti-YY1-specific antibody on EMSA was tested. Although the DNAprotein complex was not super-shifted by the addition of specific antibody, the antibody disrupted the complex, suggesting that YY1 is indeed at least a component of the DNA binding component detected in the nuclear extracts (Fig. 5 D, first lane vs. second lane).
To substantiate the activity of YY1 in vivo, we performed a chromatin immunoprecipitation (ChIP) assay by using a specific antibody against YY1. DNA associated with these (right) RT-qPCR analysis of MMP1 expression. Serum-starved U178-EGFR cells were pretreated with AD or CHX for 1 h followed by 20 ng/ml EGF treatment for 6 h. *, P < 0.01. (D) RT-qPCR analysis of GBP1 (left) and MMP1 (middle) mRNA expression was performed in U87-EGFR cells transfected with si-Luc or si-GBP1 in the presence or absence of 20 ng/ml EGF for 6 h. Human MMP1 promoter activity was determined by cotransfecting pGL3-MMP1 (2,942 bp) and pRL-TK (internal control) with siRNA targeting GBP1 (si-GBP1) or luciferase control (si-Luc) into U87-EGFR cells with or without 20 ng/ml EGF treatment for 6 h. (right) Firefly and Renilla luciferase activities were measured, and promoter activity is presented as the fold induction of RLU as compared with the control. This result is expressed as the mean of three independent experiments ± SD. *, P < 0.01; **, P < 0.001. (E) U178-EGFR/si-Luc and U178-EGFR/si-GBP1 cells were treated with or without 20 ng/ml EGF for 24 h followed by 10 µM MG132 treatment for 6 h before Western blot analysis. (F) U178-EGFR/si-Luc and U178-EGFR/si-GBP1 cells were treated with or without 20 ng/ml EGF for 24 h followed by analysis of cell invasion using BioCoat Matrigel invasion chambers. *, P < 0.05. Data are representative of three independent experiments. Error bars represent SD. Bar, 100 µm. cell line, SNB19 (Fig. 8 A) . Because SNB19 cells express a relatively low level of EGFR, EGF is unable to induce GBP1 expression (which needs a high level of EGFR in glioma cells, as shown in Fig. 3 G) . In contrast, EGF is able to induce MMP1 expression that is mainly localized in the conditioned medium (Fig. 8 A) . Importantly, knockdown of GBP1 significantly reduced both the basal and the EGF-induced MMP1 expression at both mRNA and protein level (Fig. 8, A and B) , similar to our results obtained with U87 and U178 EGFRoverexpressing cell lines. Consistently, we showed that GBP1 reduction by siRNA dramatically inhibited the human MMP1 basal promoter activity and EGF-stimulated promoter activation (Fig. 8 B, right) .
We then stereotactically implanted SNB19-shGFP and SNB19-shGBP1 cells into the brains of immunocompromised mice. Microscopic analysis of brain sections showed that the mice implanted with control SNB19-shGFP cells developed diffuse tumors, whereas mice implanted with SNB19-shGBP1 cells developed circumscribed tumors (Fig. 8 C) . The control SNB19-shGFP tumor-bearing mice revealed focal and invasive lesions, often in periventricular regions of the brain, as expected for this highly invasive GBM cell line. In contrast, SNB19-shGBP1 cells formed tumors with smooth tumorparenchyma interfaces with an associated decrease in glioma cell infiltration and associated infiltrative tumor masses (Fig. 8,  C and E) . In addition, consistent with in vitro results showing that GBP1 mediates MMP1 expression in glioma cells (Fig. 8 A) , we observed a dramatic decrease in GBP1 and MMP1 expression, which are mainly localized in the cytoplasm of the cancer cells, in SNB19-shGBP1 tumor tissues (Fig. 8 C) . Interestingly, large perivascular infiltrations were observed in the SNB19-shGFP but not the SNB19-shGBP1 tumor-bearing mice (Fig. 8 D) . The functional specificity of GBP1 action in tumor cell invasion is underscored by the minimal effects it had on cellular proliferation, apoptosis, and angiogenesis in vivo (Fig. 9 A) , consistent with results showing that deregulation of GBP1 had no effect on glioma cell proliferation in vitro (Fig. 9 B) . These results strongly support the conclusion that GBP1 is specifically involved in glioblastoma invasion both in vitro and in vivo.
DISCUSSION
A previous study has shown that GBP1 is the most abundant protein induced by IFNs, with IFN- being the most effective (Cheng et al., 1983) . In this study, we show for the first time that EGFR can also induce GBP1 expression in GBM cell lines through an Src-p38 MAPK-YY1 signaling pathway. Significantly, we found that GBP1 is coexpressed with EGFR in GBMs and that GBP1 could increase GBM cell invasion by modulating MMP1 expression through its C-terminal helical domain in a GTPase-independent manner. This ability to enhance GBM cell invasion establishes GBP1 as a novel target for anti-GBM invasion therapy. In contrast to our finding of Src-p38 MAPK induction of GBP1 in glioma cells, this pathway is not required for IFN--induced (Armstrong et al., 2009 ). The reporter assay showed that knockdown of GBP1 dramatically reduced the basal and EGF-induced MMP1 promoter activation (Fig. 6 D, right; P < 0.01). Similar data were obtained in another glioma cell line, U87-EGFR, in which MMP1 was mainly secreted in the culture medium (not depicted). Collectively, these data demonstrate that GBP1 contributes to the basal and EGFRmediated MMP1 transcription in glioma cells.
GBP1 enhances glioma cell invasion through MMP1 induction in vitro and in vivo
Given the important role that MMP1 plays in glioma progression and invasion and its correlation with GBP1 expression (Stojic et al., 2008) , we examined the potential role of GBP1 in glioma cell invasion. We first examined whether GBP1 is involved in EGF-mediated glioma cell invasion. Knockdown of GBP1 significantly inhibited EGF-mediated U178-EGFR and U87-EGFR cell invasion through extracellular matrix (Fig. 6 F and not depicted) . Conversely, overexpression of GBP1 in A1207 cells dramatically increased MMP1 expression at the transcriptional level (Fig. 7 , A and B) and enhanced cell invasiveness (Fig. 7 D) , whereas in contrast, siRNA knockdown of MMP1 abolished GBP1-mediated cell invasion (Fig. 7, C and D) . Together, these data suggest that GBP1 is involved in EGFR-mediated glioma cell invasion through modulation of MMP1 expression.
GBP1 is a member of a large GTPase family (Prakash et al., 2000a,b; Guenzi et al., 2001) . To assess whether the GTPase activity of GBP1 is involved in MMP1 induction, we created two different dominant-negative mutants of GBP1, D184N, and R48P, which exhibit no detectable GTP binding or hydrolysis (Guenzi et al., 2003; Praefcke et al., 2004) . As shown in Fig. 7 (E and F) , both the wild-type and GTPase mutant alleles of GBP1 increased MMP1 protein expression and protease activity. Similarly, we observed that overexpression of GBP1 and these two mutant alleles also increased MMP1 expression in U178 cell lines (not depicted). Next, we characterized the role of the individual domains of GBP1 in MMP1 induction. We cloned the truncated N-terminal globular domain (Glo; 1-290 aa), which harbors GTPase activity, and the C-terminal helical domain (Hel; 288-592 aa) of GBP1 into the pBABE-puro vector to allow for retroviral expression (Fig. 7 G) . We found that the C-terminal helical domain but not the globular domain could induce MMP1 induction (Fig. 7 H) . Furthermore, we observed that the helical domain alone could induce cell invasiveness (Fig. 7 I) , which further suggests that the GTPase activity of GBP1 is not required for MMP1 expression and glioma cell invasion.
The invasive behavior of glioma cells in vitro may not completely reflect their infiltrative phenotype in the brain because of the differences in extracellular components (Bellail et al., 2004) . To determine whether the in vitro effects we observed extended to the in vivo situation, we targeted GBP1 expression (and GFP as a control) by lentiviral short hairpin RNA (shRNA) transduction in the invasive glioblastoma Reporter assays were performed to analyze the effect of GBP1 expression on MMP1 promoter activation in the A1207 cells (right). The cells were transfected with pGL3-MMP1 (2,942 bp) and pRL-TK for 48 h. Firefly and Renilla luciferase activities were measured, and promoter activity is presented as the fold induction of RLU as compared with the control. This result is expressed as the mean of three independent experiments ± SD. *, P < 0.01. (C) The expression of the protein was analyzed by Western blot in siRNA-Luc (control)-and siRNA-MMP1-transfected A1207-GBP1 cells. (D) Cell invasion was analyzed by BioCoat Matrigel invasion chambers. A1207-lacZ, A1207-GBP1, A1207-GBP1/siRNA-Luc, or A1207-GBP1/siRNA-MMP1 cells were plated at a density of 2.0 × 10 4 per insert. Medium with 10% FBS was in the lower chamber as a chemoattractant. After 22 h, invasive cells on the lower surface were counted after fixing and staining. Shown are representative data of at least two independent experiments. Bar, 100 µm. GBP1 expression, as IFN- was unable to activate p38, a result which is consistent with a previous finding that cell stress, such as bacterial LPS, UV irradiation, and TNF, causes activation of p38 MAPK-dependent target gene transcription, whereas p38 inhibition does not affect IFN--mediated transcription (Kovarik et al., 1999) .
at both sites, only EGF activated p38 phosphorylation. Consistent with this, p38 inhibition blocked EGF-but not IFN--stimulated Stat1 phosphorylation and GBP1 promoter activity and expression as well. This is in agreement with earlier findings that p38 activity is dispensable for the IFN--induced Stat1 phosphorylation (Kovarik et al., 1999; Ramsauer et al., 2002) . In addition, it has been reported that LPS-, UV irradiation-, or TNF stress-stimulated Stat1 Ser727 phosphorylation occurred through a signaling pathway sensitive to the p38 MAPK inhibitor SB203580, whereas IFN--mediated Stat1 Ser727 phosphorylation was not inhibited by this inhibitor (Kovarik et al., 1999) . Therefore, we speculate that EGFR may use a signaling pathway similar to that used under stress to induce GBP1 expression.
Both EGF and IFN- are able to cause phosphorylation of Stat1 at both Tyr701 and Ser727 for its full activation. Phosphorylation of Stat1 at Tyr701 induces Stat1 dimerization, nuclear translocation, and DNA binding (Ihle et al., 1994) , whereas Stat1 Ser727 phosphorylation strongly increases its transactivation activity (Wen et al., 1995) . Although EGF and IFN- caused phosphorylation of Stat1 YY1 and PRC2, leading to the formation of repressive chromatin on the Pax7 promoter (Palacios et al., 2010) .
Given that EGFR kinase activity can up-regulate GBP1 expression in vitro, we compared the expression profile of EGFR and GBP1 in a panel of GBM tumor samples and cell lines. Together with TCGA analysis, the data suggest that both EGFR and GBP1 are highly expressed and show the strongest correlation with the neural subclass of GBM, which is in agreement with the idea that EGFR amplification is one of the signatures for this subclass (Verhaak et al., 2010) . Our results are also consistent with a recent study showing that GBP1 is overexpressed in all gliomas with EGFR amplification (Ducray et al., 2008) . Interestingly, we observed that EGFR, GBP1, and MMP1 expression appears to be positively correlated with each other in GBM patients and cell lines. More importantly, GBP1 is required for EGFRmediated MMP1 transcription, and GBP1 mediates MMP1 expression at the transcriptional level in glioma cells. Thus, this may explain why these proteins display such concordance of expression in GBM. Overexpression of EGFR has been shown to promote glioma cell motility and invasion (Pedersen et al., 2004; Cai et al., 2005) , and the Src and p38 pathway have been implicated in glioma invasion previously (Park et al., 2002; Angers-Loustau et al., 2004; Demuth et al., 2007; Lu et al., 2009 ). However, the basis for initiation and maintenance of the aberrant motility is still not known. Numerous studies suggest that EGFR activation causes MMP1 expression, which is associated with invasion and metastasis of cancer cells (Nutt and Lunec, 1996; Nutt et al., 1998; Itoh et al., 2006; Cury et al., 2007) . As GBP1 can also be induced by inflammatory cytokines and down-regulates MMP1 expression in endothelial cells (Guenzi et al., 2001 (Guenzi et al., , 2003 , we investigated the functional relationship between these three proteins in GBM cell lines. We found that GBP1 is induced by the EGFR-Src-p38 cascade and is sufficient for EGFR-mediated MMP1 expression and cell invasion. Moreover, overexpression of GBP1 alone enhanced GBM cell invasion by up-regulating MMP1. Our finding that in GBM cells GBP1 acts as a positive regulator of MMP1
We identified YY1, a ubiquitous and dual-functional GLI-Krüppel zinc finger transcription factor, as a potential transcriptional repressor for GBP1 induction in GBM cells. Depending on cell type-specific factors and its relative concentration, the promoter sequences surrounding the YY1 binding sites, and its cellular environment, YY1 can function as a transcriptional activator or repressor (Yao et al., 2001 ). The present study showed that EGFR signaling attenuated YY1 binding to the GBP1 promoter mediated by p38 MAPK. We also showed by cell fractionation that EGF stimulation has no effect on YY1 translocation with or without p38 inhibition (Fig. 5 G) . It is possible that EGFR-Src-p38 signaling may affect YY1 activation or its interaction with other transcriptional factors, which in turn affects the transcriptional activity of the GBP1 promoter. In agreement with this possibility, a recent study has demonstrated that TNFactivated p38 kinase promotes the interaction between of surgery after written informed consent. Frozen tumor samples were ground in liquid nitrogen and lysed in RIPA buffer for Western blot analysis. Total RNA was isolated from frozen tumor samples using the RNeasy kit (QIAGEN) according to the manufacturer's instructions.
Microarray probe preparation and Affymetrix GeneChip hybridization. U87 and U178 cells engineered to express EGFR were serum starved for 24 h and stimulated with or without 20 ng/ml of recombinant EGF for 3 h before sample collection. The experiment was replicated twice for each U87 and U178 cells for microarray analyses. Transcriptional profiling was performed on human HG-U133A arrays (Affymetrix), which contain 22,283 probe sets representing 14,500 human genes and expressed sequence tags, according to the manufacturer's protocol. Biotin-labeled cRNA was synthesized from 10-µg aliquots of total RNA from each sample, and hybridization, washing, and detection of signals were performed. Microarray Analysis Suite 5.0 software (Affymetrix) was used to calculate and compare the gene expression levels. Microarray data were deposited in GEO DataSets under accession no. GSE33442.
Western blots and antibodies. Cells were lysed in RIPA buffer (150 mM NaCl/1.0% Triton X-100/0.5% Na deoxycholate/0.1% SDS/50 mM Tris, pH 8.0/complete protease inhibitor; Roche). The conditioned media was collected and centrifuged at 1,000 g to remove cell debris. The supernatant was concentrated using Amicon centrifugal filters (Millipore). Primary antibodies used were anti-YY1 (c20), anti-p38 (Santa Cruz Biotechnology, Inc.), anti-EGFR (c13; BD), anti-p-EGFR (Y1068), anti-Stat1, anti-p-Stat1 (Y701), anti-Hsp27, anti-p-Hsp27 (S82), anti--actin (Cell Signaling Technology), anti-p-Stat1 (S727; Biosource International, Inc.), anti-GBP1 (MBL International), and anti-MMP1 (R&D Systems).
RT-PCR and real-time qPCR. Total RNA was harvested by TRIZOL reagent (Invitrogen) and reverse transcribed (SuperScript II First Strand kit; Invitrogen). Semiquantitative RT-PCR conditions were as follows: 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C for 26 cycles. The primer pairs for GBP1 were sense, 5-TGGAACGTGTGAAAGCTGAG-3; and antisense, 5-TGACAGGAAGGCTCTGGTCT-3; for EGFR were sense, 5-GAGAGGAGAACTGCCAGAA-3; and antisense, 5-GTAGCATTT-ATGGAGAGTG-3; and for GAPDH were sense, 5-TGCCTCCTGCA-CCACCAACT-3; and antisense, 5-CCCGTTCAGCTCAGGGATGA-3. qPCR was performed with 2 µl of diluted cDNA on an iCycler IQ using IQ Syber Green (Bio-Rad Laboratories) according to the manufacturer's instructions. All reactions were performed in duplicate and repeated at least three times. Relative quantification was performed for each sample and normalized with GAPDH or -actin expression for comparison. Primers used for real-time PCR were EGFR (104 bp): sense, 5-TTTGCCAAGGCAC-GAGTAACA-3; and antisense, 5-ATTCCCAAGGACCACCTCACA-3; GBP1 (197 bp): sense, 5-AACGACAGGGTCCAGTTGCTGAAAG-3; and antisense, 5-TAGGGGTGACAGGAAGGCTCTGG-3; GAPDH (131 bp): sense, 5-CCACATGGCCTCCAAGGAGTAAGAC-3; and antisense, 5-AGGAGGGGAGATTCAGTGTGGTGGG-3; -actin (141 bp): sense, 5-AGAAGGAGATCACTGCCCTGGCACC-3; and antisense, 5-CCTGCTTGCTGATCCACATCTGCTG-3; and MMP1 (234 bp): sense, 5-ATGCTGAAACCCTGAAGGTG-3; and antisense, 5-CTGC-TTGACCCTCAGAGACC-3.
Nuclear protein extraction. Cells were resuspended in buffer A (10 mM Hepes, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, 1 µg/ml leupeptin, 1 µg/ml aprotinin, and 1 µg/ml pepstatin A), lysed with 0.625% Nonidet P-40, and centrifuged at 3,000 rpm for 5 min at 4°C. The supernatant was collected and used as the cytoplasmic extracts. The nuclei pellet was washed twice with buffer A and resuspended in 40 µl buffer B (20 mM Hepes, pH 7.9, containing 1.5 mM MgCl 2 , 450 mM NaCl, 25% glycerol, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, 1 µg/ml leupeptin, 1 µg/ml aprotinin, andexpression instead of MMP2 and MMP14 while in endothelial cells it acts in the opposite fashion (Guenzi et al., 2003 ; unpublished data) is particularly intriguing. It is possible that this switch in function is caused by additional molecular aberrations specific to the tumor cells. Alternatively, this difference may be tissue specific and caused by the differential expression of transcription factor networks in the brain versus the endothelium or by differences between the normal and transformed state of the cell. We are actively investigating these possibilities.
In summary, this study demonstrates that GBP1 expression in GBM cells is up-regulated by EGFR through a unique p38 MAPK-dependent relief of transcriptional repression mediated by YY1. In addition, GBP1 is required for EGFRinduced MMP1 expression and glioma cell invasion. Our identification of a novel signaling pathway controlling glioma invasion may have significant clinical implications because it uncovers several key molecules, the targeting of which may serve to inhibit glioma invasion, one of the key obstacles to achieving effective management of this disease.
